I. INTRODUCTION
T HE integration of silicon and III-V semiconductors for the fabrication of multijunction solar cells has been subject of extensive research for over 20 years [1] - [3] . It has been driven by the idea to benefit from both the comparably low substrate costs of silicon solar cells and the high conversion efficiencies, which are achieved by GaAs-based multijunction solar cells. The widely established multijunction solar cell contains typically subcells made of Ga 0.50 In 0.50 P, Ga 0.99 In 0.01 As, and Ge and achieves efficiencies up to 41.6% under concentrated sunlight [4] . The lattice-matched growth of the III-V semiconductors on the germanium bottom cell (and substrate) enables an excellent crystal quality and displays the main advantage of this cell concept. The drawback of this kind of multijunction solar cell is the high substrate costs of Ge. Compared with germanium, silicon has many favorable properties like lower costs, good availability, and higher wafer stability. According to simulations with EtaOpt [5] , theoretical conversion efficiencies up to 55.6% can be achieved with Si-based triple-junction solar cells under concentrated sunlight [6] . A combination of p-n junctions made of Si, GaAs, and Ga 0.51 In 0.49 P, thus bandgap energies of 1.12, 1.42, and 1.89 eV, enables a theoretical efficiency of 53.8% under 500 suns (ASTMG173-03 conditions) [6] . However, it is well known that the fabrication of those triplejunction devices on silicon is very challenging. The difficulties arise from the different lattice constants (a GaAs = 0.56 nm, a Si = 0.54 nm [7] ) and thermal expansion coefficients (α GaAs = 5.7×10 [7] ) of Si and the III-V compound semiconductors. Consequently, the direct epitaxial growth of GaAs on Si leads often to crystal defects, which reduce the minority carrier lifetime in the III-V solar cells and consequently their efficiencies [1] , [3] , [8] . Templates consisting of a thin GaAs or Ge layer transferred and bonded to silicon have been investigated as a possible solution to overcome limitations of lattice-mismatch [9] - [11] . However, the high temperatures of 700°C required for the epitaxial growth are still leading to significant thermal stress, and consequently, the formation of defects and cracks was observed in the III-V layers [11] .
Besides the direct epitaxial growth on Si, III-V/Si multijunction solar cells can also be fabricated by mechanical stacking [12] - [14] and direct wafer bonding [6] , [15] . The advantage of these two methods is that the III-V solar cells are grown lattice-matched on a GaAs or Ge substrate and are connected at moderate temperatures with a separately fabricated silicon bottom cell. The disadvantage of mechanically stacked solar cells is that they require a metallic grid or intermediate layer at the interface which causes optical losses. These losses can be avoided by a direct connection between the Si and III-V solar cells, which can be achieved by wafer bonding. One of the challenges of direct wafer bonding is the surface morphology of the two wafers [16] , as particles and local areas with high surface roughness (RMS > 1 nm [17] ) cause voids at the wafer-bonded interface. The energy band diagram and carrier transport across the wafer-bonded interface depend strongly on the electron affinity and doping levels of the semiconductors but also on electrically active defects, which may trap free carriers. Those interfacial defects may be due to unsaturated bindings, impurities, or defects introduced during the surface activation prior bonding [18] , [19] . Due to the high current densities in concentrator solar cells, a low interface resistance is an essential physical property of the semiconductor bond. For this reason, the electrical conductivity of direct wafer bonds between Si and III-V semiconductors was investigated within the last years [15] , [19] and has been optimized to achieve interface resistances below 4 mΩ·cm 2 [19] . In this paper, we describe the fabrication of GaInP/GaAs//Si triple-junction solar cells using a fast atom beam (FAB) 2156-3381 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. activated direct wafer bond between n-GaAs and highly doped n-Si. Experimental results of triple-junction solar cells and challenges associated with the characterization of these novel devices are discussed.
II. EXPERIMENTAL DETAILS

A. Fabrication of III-V/Si Triple-Junction Solar Cells
Ga 0.51 In 0.49 P/GaAs dual-junction solar cells were grown inverted by metal organic vapor phase epitaxy on 4-in GaAs substrates ((1 0 0), 6°off toward 1 −1 1 B). The dual-junction solar cell structure with a thickness of approximately 2.6 μm contains two n + GaAs/p + AlGaAs tunnel diodes (see Fig. 1 ), which enable the series connection of the subcells. The GaAs middle cell has a thickness of only 1.5 μm, which is 60% thinner than in our previous work [6] . The reduced thickness increases its transparency and thereby enables the generation of a higher photocurrent in the Si bottom cell (see Section III). Our inverted Ga 0.51 In 0.49 P/GaAs dual-junction solar cell structure had a final n-GaAs bonding layer with a carrier concentration of n GaAs = (8.0 ± 1.0)×10 18 cm −3 . This bonding layer was prepared for the direct wafer bonding by chemical-mechanical polishing (CMP). Thereby particles were removed from the surface and the surface roughness was reduced to achieve RMS values below 0.5 nm. After the CMP process, the n-GaAs bonding layer had a thickness of approximately 60 nm.
A 280-μm-thick p-type silicon wafer (FZ) with (1 0 0) orientation and a specific resistivity of 3 Ω·cm has been used for the fabrication of the silicon bottom cells. The wafer had a polished frontside with a specified RMS roughness below 0.5 nm and an etched backside. Local p + -back surface field regions were generated by boron diffusion and an n ++ -doped emitter by phosphorous diffusion. Electrochemical C-V measurements have proven that a carrier concentration of n Si,surf ࣙ 4 × 10 20 cm −3 was achieved at the emitter surface. A dual-layer Al 2 O 3 /SiO X passivation stack was deposited at the backside by atomic layer deposition and plasma-enhanced chemical vapor deposition. After local opening of the passivation layer, an aluminum contact was evaporated and annealed.
The direct bonding of the Si emitter and the n-GaAs bonding layer was initiated after argon FAB treatment in an SAB-100 vacuum chamber manufactured by Ayumi Industries Co. Ltd. The argon atoms were accelerated by a voltage of 0.6 kV and hit the semiconductor surfaces under an angle of 45°. The Si and GaAs substrates had a temperature of 120°C during this process and were brought in contact immediately after the FAB exposure. A manual load of 10 kN has been applied to the wafer pair for 5 min. More details about the wafer bonding process can be found in [19] .
After successful wafer bonding, the GaAs growth substrate was removed by wet chemical etching. Alternatively, the growth substrate could be removed by a lift-off process [20] , which would allow to reuse the GaAs wafer and thereby reduce the manufacturing cost of the GaInP/GaAs//Si triple-junction devices.
Finally, a metal contact grid and a dual-layered Ta 2 O 5 /MgF 2 antireflection coating were evaporated on the frontside of the triple-junction device. A sketch of the fully processed solar cell structure is shown in Fig. 1 
B. Characterization
The external quantum efficiency (EQE) and current-voltage characteristics were measured by the Fraunhofer ISE CalLab [21] . A grating monochromator setup with spectrally adjusted bias light was used to determine the EQE of the subcells. The illumination spot had a size of approximately 0.03 cm 2 during this measurement; thus, it was smaller than the concentrator solar cell area. During the I-V measurement under 1 sun, the incident spectral conditions were matched to the AM1.5d spectrum (ASTM G173-03). The I-V curves were measured twice: During the first measurement, we illuminated the whole solar cell wafer with divergent light. For the second one, an especially designed shadow mask was used, which limited the illuminated area of the concentrator solar cell to a designated area of 0.049 cm 2 . The mask was prepared from a 20-μm-thin metal foil, which was covered by a 20-μm-thick dielectric layer to avoid electrical contact to the cell. The foil was planarized by a metal frame, and the distance between the mask and the cell was below 0.3 mm. A photo of the concentrator solar cell with the mask is shown in Fig. 2 . The designated cell area was defined by the opening area of the mask minus the area of the two busbars, which were fully illuminated during the measurement and served as contact points. The importance of the shadow mask for the exact characterization of concentrator solar cells on silicon is discussed in Section III.
The performance under concentrated sunlight was measured using a Xenon flashlamp. The light was filtered by an optical glass (NG11-2 mm by Schott) and the illuminated area of the solar cell was limited by the shadow mask described above. The optical filter was required to adjust the spectrum of the flash, hence, to ensure that the photocurrent was limited by the same subcell as under the AM1.5d reference spectrum. The photocurrent densities of the top, middle, and bottom cells under the filtered Xenon flashlamp spectrum have been calculated to be 11.4, 11.1, and 10.1 mA/cm 2 under 1 sun. To avoid hysteresis effects, the measurement was performed in a one point per flash mode.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The EQE of the wafer-bonded concentrator solar cell is shown in Fig. 3 . It reaches a value above 70% over a broad wavelength region from 450 to 1030 nm. The EQE of the GaAs middle cell decreases continuously, due to incomplete absorption in the only 1400-nm-thin absorber layer. Light that is transmitted by the thin GaAs middle cell is converted by the silicon bottom cell. Accordingly, there is an increase of the silicon EQE in the wavelength region of 650-870 nm, thus beyond the bandgap of GaAs. The EQE does not give any indication for absorption losses caused by the Si/GaAs bond, which confirms that we realized a transparent interface.
The photocurrent densities, which are generated by the subcells under the AM1.5d solar spectrum (see Fig. 3 ), were calculated from the measured EQE. The GaAs middle cell generates the highest current density of 12.0 mA/cm 2 . The Si bottom cell is the lowest one of 10.2 mA/cm 2 and thereby limits the shortcircuit current of the triple-junction device. Fig. 4 shows a current-voltage characteristic of the solar cell measured under AM1.5d spectral conditions without using a shadow mask-which is the standard for the characterization of GaAs-based concentrator solar cell. The designated cell area is given by the mesa-etched rectangle minus the area of the two busbars. Under these measurement conditions, a short-circuit current density J SC of 11.2 mA/cm 2 was found, which is 10% higher than the photocurrent density, calculated from the EQE of the Si bottom cell. Apparently, the silicon bottom cell operates at a higher current in this measurement setup. The concentrator solar cells are separated by 10-12-μm-deep mesa-etched trenches from their neighboring solar cells. Due to the high minority carrier diffusion length in silicon, which was above 1 mm in the used float-zone silicon wafers, the depth of these etched trenches is not sufficient. Carriers, which are generated in the silicon material outside the mesa, can still diffuse to the p-n junction of the tested solar cell and increase its photocurrent. It was found in this study that an exact characterization of small area III-V/Si multijunction solar cells can only be achieved with the use of a shadow mask or by separating the solar cells mechanically by dicing or sawing. However, the latter requires additional process steps. Fig. 4 shows a measured I-V curve of the same solar cell with the illumination area strictly defined by the shadow mask, described in Section II. Under these conditions, the solar cell generates a lower short-circuit current density of 10.1 mA/cm 2 . This value is in good agreement with the calculated photocurrent density of the Si bottom cell, shown in Fig. 3 . The measurement performed under the shadow mask resulted in a fill factor of 87.1%, which is higher than the value of 84.4%, measured without the mask. This can be explained by the stronger current limitation of the Si subcell. It is well known that the fill factor of multijunction solar cells increases with the current mismatch of the subcells [21] .
The efficiency of the wafer-bonded GaInP/GaAs//Si triplejunction solar cell, extracted from the I-V curve measured with the mask, equals 25.2% (1-sun, AM1.5d spectral conditions). Higher efficiencies could be realized by further decreasing the thickness, thus absorption of the GaAs middle cell, and consequently increasing the photocurrent density in the Si bottom cell. In comparison, experimental results of III-V/Si multijunction solar cells reaching efficiencies above 25% in two-terminal operation were only published by Yang et al. [14] . They fabricated a mechanically stacked Ga 0.50 In 0.50 P/Ga 0.99 In 0.01 As/Si solar cell with a maximum efficiency of 25.5% under AM1.5g conditions. Interestingly, the current matching of the subcells was achieved in [14] by using a Si bottom cell with a 16% larger area than the upper III-V cells. Instead of using a bigger Si bottom cell area or thinner III-V solar cell, it would be beneficial to increase the bandgap energies of the middle and top cell. This would both increase their transparency and allow the generation of a higher voltage. Another method to increase the photocurrent in the silicon cell is to use bottom cells with a structured backside, which prolongs the optical path length in silicon and thereby the absorption of long-wavelength photons.
Our wafer-bonded GaInP/GaAs//Si solar cells were also characterized under concentrated sunlight, using the same shadow mask as for the 1-sun measurement. Fig. 5 shows the efficiency and fill factor in dependence of the concentration factor. The fill factor decreases already for small concentration ratios of 30 due to series resistance. We exclude that the wafer bond is responsible for these losses, as its contact resistance appears to be below 9 × 10 −3 Ω·cm 2 . This resistance has been measured on waferbonded test structures made of n-Si and n-GaAs wafers, which had similar surface carrier concentrations as the bonding layers of the triple-junction solar cell and which had been joined using the same wafer bonding process (details about the processing and analysis of those test structures can be found in [19] ). Fitting the one-diode model to the solar cell I-V curve, measured at 151 suns, gave a series resistance of (1.8 ± 0.1) Ω, which is over a factor 9 higher than the resistance of the bond interface. The main contribution to the series resistance is attributed to the Si bottom cell because of its high bulk resistance and the use of a point-contact metal structure on the backside, which is not optimized for the application under concentrated sunlight.
The efficiency of the triple-junction solar cell reaches a maximum value of 30.0% at 112 suns and drops rapidly for higher concentration factors. The I-V curve measured at a concentration factor of 112 is shown in Fig. 6 . To the best of our knowledge, this is the first demonstration of a two-terminal multijunction solar cell with an active Si subcell reaching an efficiency of 30%.
For the future development of III-V/Si concentrator solar cells, computer simulations are required in order to optimize the back contact of the device and to find the optimum combination of Si cell thickness and its bulk resistivity. A reduced series resistance and improved current matching of the subcells will allow Si-based multijunction solar cells to reach efficiency values above 35% in the future.
IV. CONCLUSION
GaInP/GaAs//Si triple-junction solar cells were fabricated successfully by FAB activated wafer bonding of n-Si and n-GaAs. The solar cells reached a maximum efficiency of 30% under AM1.5d conditions at a concentration factor of 112. The EQE does not show any indication for absorption losses caused by the wafer-bonded interface. The photocurrent of the triplejunction device is limited by the absorption of the silicon bottom cell, which could be easily increased by the use of III-V solar cells with higher transparency or bottom cells with a structured backside. An improved current matching and reduction of the series resistances in the solar cell structures will enable higher efficiencies and will thereby increase the relevance of III-V/Si multijunction solar cells for concentrator photovoltaic applications. ISE in the context of this publication. They also like to acknowledge important discussion of the cell results with G. Siefer.
